Introduction
============

Non-small-cell lung cancer (NSCLC), the leading cause of cancer-related death, was responsible for 1 million new cases and 900,000 deaths every year worldwide.[@b1-dddt-11-3519] Epidermal growth factor receptor (EGFR) mutation-positive NSCLC accounts for \~40%--80% of NSCLC.[@b2-dddt-11-3519],[@b3-dddt-11-3519] Unfortunately, the majority of NSCLC patients are diagnosed in the late stage, and prognosis remains poor with a median over survival of around 1 year.[@b4-dddt-11-3519] Therefore, the main treatment counts on chemotherapy or maintenance treatment.[@b5-dddt-11-3519],[@b6-dddt-11-3519]

Conventional platinum-based chemotherapies include platinum alone or combination with the third-generation cytotoxic drugs such as pemetrexed, paclitaxel, docetaxel, gemcitabine, and vinorelbine.[@b7-dddt-11-3519],[@b8-dddt-11-3519] It is well known that these therapies bring adverse toxic effects due to lack of selectivity for tumor cells.[@b9-dddt-11-3519] Tyrosine kinase plays an important role in many cell signaling pathways, and the inhibition of their receptors could block the pathways and tumor activity.[@b10-dddt-11-3519] The introduction of small molecule targeted therapy like kinase inhibitors for the therapy of NSCLC has landmark significance.[@b11-dddt-11-3519] Recent clinical data revealed that EGFR tyrosine kinase inhibitors are applied as the standard first-line treatments for advanced nonsquamous NSCLC with activating EGFR mutations.[@b5-dddt-11-3519],[@b12-dddt-11-3519]

Erlotinib (ETB), a kinase inhibitor, is a well-established therapeutic.[@b12-dddt-11-3519],[@b13-dddt-11-3519] Several clinical researchers have reported that ETB showed a significantly longer median progression-free survival compared with a standard chemotherapy group with European and Eastern Asians patients with EGFR mutation-positive NSCLC.[@b12-dddt-11-3519],[@b13-dddt-11-3519] The US-FDA has approved ETB for the treatment of metastatic NSCLC and pancreatic cancer. ETB is available in the market as tablets for oral administration. However, its clinical application is hindered by drug resistance and severe toxicities such as skin rash due to oral delivery, diarrhea, Stevens--Johnson syndrome, gastrointestinal perforations, and so on. Therefore, there is an unmet need to develop a novel strategy for the effective delivery of ETB to the cancer zone to reduce side effects and overcome drug resistance.

Nanoscale drug delivery systems have been investigated widely in oncotherapy due to their merits including the ability to target to the tumor sites, reduction in effective dose, and less toxic to healthy cells.[@b14-dddt-11-3519] Compared with passive targeted nanocarriers, nanoparticles with structures that respond to external stimuli (including reduction, pH, light, and enzyme activities) have attracted considerable attention in the field of cancer therapy. The extracellular environment of tumors is more acidic (in the range of pH 6.5--6.9), while endosomes and lysosomes have even lower pH values of 5.0--5.5.[@b15-dddt-11-3519] Thus, pH-sensitive nanoparticles represent an effective strategy for cancer therapies. In comparison, redox-responsive nanoparticles are mostly intended to release drugs in the cytoplasm in which the concentration of glutathione (GSH) is higher than in the plasma.[@b16-dddt-11-3519],[@b17-dddt-11-3519] In the present study, GSH- and pH-sensitive nanoscale drug delivery systems were designed and evaluated.

Poly(acrylic acid) (PAA) is a pH-sensitive and biocompatible polymer.[@b18-dddt-11-3519],[@b19-dddt-11-3519] The disulfide bonds of cystamine (ss) could stabilize the nanoparticles during systemic circulation and be broken in the cytoplasm where the GSH concentrations are usually 1,000-fold higher.[@b20-dddt-11-3519] Therefore, PAA-ss-oleic acid (PAA-ss-OA) was developed as a novel material for the surface modification of lipid carrier for the delivery of ETB. The tumor inhibition efficacy of PAA-ss-OA-modified ETB-loaded lipid nanoparticles (PAA-ETB-NPs) was compared with that of ETB-loaded lipid nanoparticles (ETB-NPs) and free ETB anticancer drugs in tumor-bearing mice.

Materials and methods
=====================

Materials
---------

ETB, PAA (mw =1,800), ss, OA, 1-ethyl-3-(3-dimethylam-inopropyl) carbodiimide (EDC), *N*-hydroxysuccinimide (NHS), dimethyl sulfoxide (DMSO), glyceryl monostearate (GMS), fetal bovine serum (FBS), Dulbecco's Modified Eagle's Medium (DMEM), and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide were purchased from Sigma-Aldrich Co. (St Louis, MO, USA). All other chemicals and reagents were of analytical grade or high-performance liquid chromatography (HPLC) grade and used without further purification.

Cell line and culture
---------------------

Adenocarcinomic human alveolar basal epithelial cells (A549 cell line human, A549 cells), NCI-H460 cell line (NCI-H460 cells), and human umbilical vein endothelial cells (HUVECs) were purchased from Sigma-Aldrich Co. and were maintained in DMEM and supplemented with 10% FBS at 37°C in the presence of 5% CO~2~ and 95% relative humidity.

Animals and tumor xenografts
----------------------------

C57BL/6 mice (6 weeks old, male) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, People's Republic of China) and were housed in cages with bedding and maintained under controlled conditions of 12/12 hour light/dark cycle, 20°C±2°C and 50%±15% relative humidity. The in vivo experiments complied with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and the Animal Care and Use Committee of Xuzhou Medical University approved all the animal protocols used (No 101017021701).

To produce the tumor xenografts, about 10^7^ A549 cells suspended in saline (200 μL) were subcutaneously injected into the right flank of mice. Tumor volume (TV) was determined by the formula: (the largest superficial diameter)\*(the smallest superficial diameter)^2^/2.

Synthesis and characterization of PAA-ss-OA
-------------------------------------------

PAA-ss-OA was prepared by amidation of the amine groups of ss with the carboxyl groups of PAA and OA ([Figure 1](#f1-dddt-11-3519){ref-type="fig"}).[@b19-dddt-11-3519],[@b20-dddt-11-3519] Briefly, OA (1 mmol) was added to DMSO (20 mL) in the presence of EDC (1 mmol) and NHS (1 mmol) with stirring for 1 hour at room temperature. Cystamine (1 mmol) was dissolved in 10 mL of DMSO and then added dropwise into the OA mixture and stirred for 10 hours at room temperature to get ss-OA. Then PAA (1 mmol) was dissolved in 20 mL of DMSO and added dropwise into ss-OA mixtures, incubated for 12 hours at room temperature with vigorous stirring and was then dialyzed against excess ultrapure water for 3 days (MWCO, 3,500 Da). The chemical structure of PAA-ss-OA was determined by using hydrogen-1 nuclear magnetic resonance (^1^H-NMR) analysis at 300 MHz, after dissolving in DMSO-d~6~ as solvent.

Preparation of PAA-ETB-NPs
--------------------------

PAA-ETB-NPs ([Figure 2](#f2-dddt-11-3519){ref-type="fig"}) were prepared by using the emulsification and solvent evaporation method.[@b21-dddt-11-3519] Briefly, ETB (50 mg), OA (50 mg), and GMS (100 mg) were dissolved in chloroform (5 mL) and added to the aqueous phase (45 mL) containing 1% Tween 80, homogenized at 15,000 rpm for 3 minutes. PAA-ss-OA (100 mg) was dissolved in chloroform (5 mL) and added to the homogenized mixture. The resulting mixture was stirred at 600 rpm for 3 hours until the complete evaporation of chloroform to obtain PAA-ETB-NPs.

ETB-NPs were prepared by using the same method without adding PAA-ss-OA.

Drug-free (non-ETB-loaded) lipid nanoparticles (free NPs) were prepared by using the same method without adding PAA-ss-OA and ETB.

Characterization of PAA-ETB-NPs
-------------------------------

The size, polydispersity index (PDI), and zeta potential of PAA-ETB-NPs, ETB-NPs, and free NPs were measured by a Malvern Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK).[@b22-dddt-11-3519] The drug encapsulation efficiency (EE) and drug loading capacity (DL) of ETB were measured by HPLC with mobile phase of acetonitrile/KH2PO4 buffer (6:4, v:v), flow 1 mL/min, detection 345 nm, injected volume 20 μL and C18 column.[@b23-dddt-11-3519] The EE and DL were calculated according to the following formulas: $$\text{EE}\left( \% \right) = \frac{\left( {W_{\text{total~drug}} - W_{\text{free~drug}}} \right)}{W_{\text{total~drug}}} \times 100$$ $$\text{DL}\left( \% \right) = \frac{W_{\text{entapped~drug}}}{W_{\text{SLNs}}} \times 100$$

Plasma stability of PAA-ETB-NPs
-------------------------------

The colloidal stability of PAA-ETB-NPs, ETB-NPs, and free NPs in plasma was evaluated.[@b24-dddt-11-3519] NPs were suspended in the serum of the tumor-bearing mice and then dispersed in phosphate-buffered solution (PBS) with a final nanoparticle concentration of 1 mg/mL. The NPs were washed in PBS by using centrifuge filter molecular weight cutoff 30 kDa and concentrated to 2 mg/mL. An equal volume of mouse plasma was then added. Samples were incubated at 37°C under mild shaking. At predetermined time points (0, 0.5, 1, 3, 6, 12, 24, 48, and 72 hours), an aliquot of NPs was collected to measure the mean particle size, PDI, and EE by the methods described in the "Characterization of PAA-ETB-NPs" section.

In vitro drug release
---------------------

For the in vitro release study, 3 mL of PAA-ETB-NPs, ETB-NPs, or ETB solution (1 mg/mL) was placed into a dialysis bag with a 2 kDa cutoff.[@b25-dddt-11-3519] It was then immersed into 47 mL of PBS (pH 7.4) at 37°C to confirm the temperature-sensitive release behavior of the synthesized micelles in physiological condition. Aliquots (2 mL) were taken out from the solution periodically, and total volume of the solution was kept constant by adding 2 mL of PBS after each sampling. Reduction responsive release media was produced by adding GSH to PBS buffer (pH =7.4) at final concentrations of 20 mM. The amount of ETB released from NPs was analyzed by using the methods described in the "Characterization of PAA-ETB-NPs" section.

In vitro cytotoxicity
---------------------

The in vitro cytotoxicity of PAA-ETB-NPs, ETB-NPs, Free NPs, ETB solution, and 0.9% saline control samples on A549 cells, NCI-H460 cells, and HUVEC were assessed by MTT assay.[@b26-dddt-11-3519] A549 cells were seeded in 96-well plates at 7,000 cells per well in 100 mL of DMEM and incubated at 37°C in a 5% CO~2~ atmosphere for 24 hours, followed by removing culture medium and then adding samples at different concentrations. The cells were subjected to MTT assay after being incubated for another 72 hours. The absorbency of the solution was measured with a Bio-Rad 680 microplate reader at 492 nm. The relative cell viability was calculated by the formula: (the absorbance of the sample well)/(the absorbance of the control well)\*100.

In vivo tissue distribution study
---------------------------------

Tumor xenografts were given intravenous injections of PAA-ETB-NPs, ETB-NPs, or ETB solution by tail vein and killed at predetermined times.[@b27-dddt-11-3519] Various tissues (tumor, heart, liver, lung, and kidney) were immediately harvested, kept in saline solution to remove the blood and contents, blotted on filter paper, and then weighed for wet weight. After homogenization by using a 3-fold volume of 0.1 M phosphate buffer (pH 7.4), tissue samples were stored at 20°C until assay. The amount of ETB distributed in tissues was analyzed by using the methods described in the "Characterization of PAA-ETB-NPs" section.

In vivo tumor inhibition study
------------------------------

Tumor xenografts were randomly divided into five groups (eight mice per group). Each mouse was treated with PAA-ETB-NPs, ETB-NPs, free NPs, ETB solution, and 0.9% saline control intravenously by tail vein every 3 days.[@b28-dddt-11-3519] The tumor size was measured every 3 days across its two perpendicular diameters, and TV was estimated by using the following formula: (the largest superficial diameter)\*(the smallest superficial diameter)^2^/2. The tumor inhibition rate (%) was then calculated by using the formula: (tumor weight of the control group -- tumor weight of drug treated groups)/(tumor weight of the control group)\*100. Body weight lost of each group was summarized to evaluate the systematic toxicity of the systems.

Statistical analysis
--------------------

The data of the studies presented in this article were expressed as mean ± standard deviation for at least three replicates; multiple groups were compared by using a one-way analysis of variance and between two groups by Student's *t*-test analysis. The mean differences were considered significant in all experiments valued at \**p*\<0.05, \*\**p*\<0.01, and \*\*\**p*\<0.001.

Results
=======

Synthesis and characterization of PAA-ss-OA
-------------------------------------------

The chemical structure of PAA-ss-OA determined by ^1^H-NMR spectroscopy was presented in [Figure 1](#f1-dddt-11-3519){ref-type="fig"}, and the chemical structure shifts were marked by numbers: (1) 0.79 (−CH~3~ of PAA), (2) 1.05 (−CH~2~− of OA), (3) 1.78 (−CH~2~− of PAA), (4) 2.49 (−CH− of PAA), (5) 2.84 (−CH~2~−S−S−CH~2~− of ss), (6) 2.93 (−C(=O)−N−CH~2~− of amido linkage), (7) 3.37 (−N−C(=O)−CH~2~− of amido linkage), (8) 5.38 (−CH=CH− of OA), (9) 8.03 (−NH−C(=O)−). The chemical shifts of the amido linkages, PAA, ss, and OA could determine the formation of PAA-ss-OA.

Characterization of NPs
-----------------------

[Table 1](#t1-dddt-11-3519){ref-type="table"} summarizes the size, PDI, zeta potential, EE, and DL of NPs. The size of free NPs and ETB-NPs was about 110 nm, with a zeta potential of around −20 mV. The size of PAA-ETB-NPs was 170 nm, and the size of NPs was enlarged after PAA modification. The zeta potential of PAA-ETB-NPs was −32 mV, which were more negatively charged after PAA coating. The PDI of NPs varies from 0.10 to 0.18. The EE of ETB-NPs was over 80%. The DL of PAA-ETB-NPs and ETB-NPs was 2.6% and 4.3%, respectively.

Serum stability
---------------

The serum stability of NPs in tumor-bearing mouse plasma was tested at 37°C for 72 hours. Free NPs and ETB-NPs were stable in plasma retaining their physicochemical characteristics for 24 hours ([Figure 3](#f3-dddt-11-3519){ref-type="fig"}). After 24 hours, the mean size and PDI of NPs gradually increased from about 110 to about 290 nm until 72 hours of incubation. For PAA-ETB-NPs, the mean size and PDI remains stable until 48 hours of incubation. The EE of ETB-NPs remains over 80% in the first 48 hours, while the EE of PAA-ETB-NPs was steady until the end of 72 hours without obvious reduction.

In vitro drug release
---------------------

The in vitro release of ETB was calculated, and the cumulative drug release from the NPs and solution was plotted against time ([Figure 4](#f4-dddt-11-3519){ref-type="fig"}). There was no burst release from NPs, and cumulative drug release occurred with a sustained behavior. The release of ETB from PAA-ETB-NPs over a period of 72 hours was significantly slower than that of PAA-ETB-NPs (*p*\<0.05). However, in reduction-responsive release media (containing 20 mM GSH), the release of PAA-ETB-NPs was faster than that of ETB-NPs. In contrast, ETB solution had a rapid drug release which reached over 80% of cumulative ETB release within the first 4 hours.

In vitro cytotoxicity
---------------------

The in vitro cytotoxicity of the NPs was evaluated by using MTT assay ([Figure 5](#f5-dddt-11-3519){ref-type="fig"}). The cell viabilities of A549 and NCI-H460 cells treated with free NPs after 72 hours of incubation were all above 80%, indicating that the NPs had good safety and biocompatibility. At all the studied drug concentrations, the cytotoxicity of ETB-NPs were higher than that of ETB solution (*p*\<0.05). The cytotoxicity of PAA-ETB-NPs was the highest. The cytotoxicity of PAA-ETB-NPs and ETB-NPs on HUVEC showed no obvious higher than ETB solution. The IC~50~ values of PAA-ETB-NPs, ETB-NPs, and ETB solution on different cells are summarized in [Table 2](#t2-dddt-11-3519){ref-type="table"}.

In vivo tissue distribution study
---------------------------------

The in vivo tissue distribution of the ETB-NPs and solutions are illustrated in [Figure 6](#f6-dddt-11-3519){ref-type="fig"}. The distribution of ETB in the tumor following the injection of PAA-ETB-NPs and ETB-NPs was higher than that following the injection of ETB solution. On the contrary, the distribution in heart and kidney after injection of ETB-NPs was lower than that of ETB solution. To be noticed, the drug distribution of PAA-ETB-NPs group remained high in the tumor during the 72 hours of study, while the drug distribution of ETB-NPs group reduced after 48 hours of administration.

In vivo tumor inhibition study
------------------------------

In vivo tumor inhibition effect of ETB-NPs were evaluated by using a xenograft nude mouse model with human lung cancer cells. TV increased rapidly when the mice were treated with saline or free NPs, with little difference between these two groups (*p*\<0.05) ([Figure 7A](#f7-dddt-11-3519){ref-type="fig"}). After 21 days, the tumor growth inhibition by PAA-ETB-NP treatment was significantly higher than that by the ETB-NPs (*p*\<0.05), ETB solution (*p*\<0.01), and saline control (*p*\<0.001). No obvious weight loss was observed in any of the treatment groups, indicating that all the treatments were well tolerated ([Figure 7B](#f7-dddt-11-3519){ref-type="fig"}). The tumor inhibition rate of PAA-ETB-NPs, ETB-NPs, and ETB solution was 84.5%, 68.7%, and 38.1%, respectively ([Figure 7C](#f7-dddt-11-3519){ref-type="fig"}).

Discussion
==========

In the recent years, delivery of ETB encapsulated in polymeric nanoparticles has gained much attention.[@b29-dddt-11-3519] This is mainly due to the potential of nanoparticles to protect the entrapped drug molecules from the harsh conditions in vivo. In the present study, PAA-ss-OA was developed as a novel material for the surface modification of lipid carrier for the delivery of ETB. At the beginning of this research, GSH- and pH-sensitive PAA-ss-OA conjugate was designed, synthesized, and characterized. First, ss-OA was synthesized by chemical conjugation of ss to OA by using EDC chemistry. Subsequently, PAA was introduced to ss-OA conjugate in the presence of EDC and NHS, resulting in the formation of PAA-ss-OA conjugates. The chemical structure of PAA-ss-OA determined by ^1^H-NMR spectroscopy and the chemical structure shifts were marked by numbers ([Figure 1](#f1-dddt-11-3519){ref-type="fig"}). The chemical shifts of the amido linkages, PAA, ss, and OA could determine the formation of PAA-ss-OA.

NPs can be prepared by using a variety of techniques, the most important of which are hot/cold high pressure homogenization, micro emulsion, and solvent evaporation techniques.[@b30-dddt-11-3519] In this study, emulsification combined with solvent evaporation method was used for the preparation of NPs ([Figure 2](#f2-dddt-11-3519){ref-type="fig"}). The drug is dissolved in the lipid containing organic solvent, and then added to the aqueous phase and homogenized. PAA-ss-OA was added to the homogenized mixture and stirred until the solvent was completely evaporated. Size is an important feature of NPs that play key role in their internalization by cells. NPs are known to exploit the enhanced permeability and retention (EPR) effect for targeting to tumors, thereby increasing antitumor efficiency while minimizing systemic toxicity.[@b31-dddt-11-3519] The chemotherapeutic agents delivered by nanotechnology could have advantages in selective delivering due to the size. Free NPs and ETB-NPs had a size of about 110 nm, while PAA-ETB-NPs had a size of 170 nm. The results suggested that the size of NPs was enlarged after PAA modification. The zeta potential of PAA-ETB-NPs was −32 mV, which was more negatively charged than ETB-NPs after PAA coating. This may due to the negative charge of the PAA on the surface of the PAA-ETB-NPs. The PDI of NPs were \<0.2, showing the narrow distributions. The EE of ETB-NPs was over 80%; this can be the proof that the drugs were fully encapsulated in the NPs. To evaluate the stability of NPs in serum, tumor-bearing mouse plasma was used. Free NPs and ETB-NPs were stable in serum for 24 hours ([Figure 3](#f3-dddt-11-3519){ref-type="fig"}); in contrast, PAA-ETB-NPs remained stable until 48 h of incubation. The EE of PAA-ETB-NPs was steady until the end of 72 hours without obvious reduction, which was also longer than that of ETB-NPs. This phenomenon may be explained by the presence of PAA coating that enhanced the serum stability of the NPs.

In vitro drug release of the drug-loaded NPs may be controlled by the erosion, corrosion, and diffusion processes.[@b32-dddt-11-3519] Drug depot effects could be achieved by the carriers, which could lead to the sustained release of hydrophobic drugs. The more sustained-release behavior of PAA-ETB-NPs than ETB-NPs might be explained by the modification of polymeric PAA ligands that decelerated the release of ETB ([Figure 4](#f4-dddt-11-3519){ref-type="fig"}). As the ETB molecules are restrained within the NPs, the cytotoxic impacts of drug seem to be due to the internalization of the ETB-NPs, most likely through fluid-phase endocytosis/pinocytosis. Once within the endosomal compartments, the ETB molecules can be released from the NPs and induce their toxic impacts.[@b30-dddt-11-3519]

In vitro cytotoxicity of the NPs was evaluated by using MTT assay. Significant improvements in cytotoxicity of drug-loaded NPs in comparison with drug solutions illustrated that the NP systems could improve the delivery of drugs thus gain better efficiency than free drug solution ([Figure 5](#f5-dddt-11-3519){ref-type="fig"}). The IC~50~ values of PAA-ETB-NPs, ETB-NPs, and ETB solution were 3.3, 9.5, and 36.8 μM, respectively. The cytotoxicity of PAA-ETB-NPs and ETB-NPs on HUVEC showed no obvious higher than ETB solution, this may be the proof that the NPs showed no obvious toxicity on normal cells. Higher cytotoxicity of PAA-ETB-NPs than ETB-NPs suggested that the use of PAA modification could promote the delivery of the drugs encapsulated within NPs. The cell viability during 10--50 μM was from 47% to 38% for EBT-NPs and from 32% to 21% for PAA-EBT-NPs. The rates were slightly different for these two vectors. The results may give rise the thought that "the cells get drug resistance at this dose" if so there should be increase in GSH levels in the cells, and this leads to induce more EBT release from PAA-EBT-NPs compared to EBT-NPs.

In vivo tissue distributions of PAA-ETB-NPs, ETB-NPs, and ETB solution were investigated in lung cancer-bearing mice. For ETB-NPs groups, the drug concentrations in the tumors were higher than that for the ETB solution group, while the drug concentrations in the heart and kidney for NPs groups were much lower ([Figure 6](#f6-dddt-11-3519){ref-type="fig"}). This may be because the EPR effect of tumors could let the nanoparticles passively targeted to the tumor, which resulted in the efficient drug accumulation in tumor tissue. Less drug distributions in heart and kidney may reduce the systemic toxicity, which could decrease the side effects and lead to better anti-tumor therapeutic efficiency.[@b33-dddt-11-3519]

In vivo tumor inhibition efficacy of PAA-ETB-NPs, ETB-NPs, free NPs, ETB solution, and 0.9% saline control were evaluated in lung cancer-bearing mice ([Figure 7](#f7-dddt-11-3519){ref-type="fig"}). PAA-ETB-NPs, ETB-NPs, and ETB solution showed significant tumor inhibition effects, with a reduction of TV. Mice in free NPs and 0.9% saline control groups shared similar tumor growth pattern, suggesting that blank NPs were not capable of inhibiting tumor growth. After 21 days, the tumor growth inhibition by PAA-ETB-NPs treatment was significantly higher than that by ETB-NPs (*p*\<0.05), ETB solution (*p*\<0.01), and saline control (*p*\<0.001). The tumor inhibition rate of PAA-ETB-NPs, ETB-NPs, and ETB solution was 84.5%, 68.7%, and 38.1%, respectively. No obvious weight loss was observed in any of the treatment groups, indicating that all the treatments were well tolerated. These results could be explained as the pH-sensitive and redox-responsive PAA ligands could promote the NPs to deliver drug into the tumor cells. The structure of NPs may delay the drug release and bring about the long-lasting drug delivery effect in tumor tissues.

Conclusion
==========

Redox-responsive and pH-sensitive PAA ligands were synthesized and used for the surface modification of NPs for the delivery of ETB. PAA-ETB-NPs showed the highest in vitro and in vivo tumor inhibition efficacy when compared with ETB-NPs and ETB solution. The redox-responsive and pH-responsive nanoparticles could enhance the stability and anti-cancer ability of ETB to treat lung cancer and is a promising drug delivery system for lung cancer treatment.
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![Synthesis route and ^1^H-NMR spectroscopy of PAA-ss-OA.\
**Abbreviations:** ^1^H-NMR, hydrogen-1 nuclear magnetic resonance; DMSO, dimethyl sulfoxide; EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; NHS, N-hydroxysuccinimide; OA, oleic acid; PAA, poly(acrylic acid); ss, cystamine.](dddt-11-3519Fig1){#f1-dddt-11-3519}

![Scheme graph of PAA-ETB-NPs.\
**Abbreviations:** ETB, erlotinib; NPs, nanoparticles; OA, oleic acid; PAA, poly(acrylic acid); ss, cystamine.](dddt-11-3519Fig2){#f2-dddt-11-3519}

![The serum stability of NPs in tumor-bearing mouse plasma at 37°C for 72 hours.\
**Notes:** Size (**A**), PDI (**B**), and EE (**C**) changes are illustrated. Data represent mean ± SD (n=3).\
**Abbreviations:** EE, drug encapsulation efficiency; ETB, erlotinib; NPs, nanoparticles; PAA, poly(acrylic acid); PDI, polydispersity index.](dddt-11-3519Fig3){#f3-dddt-11-3519}

![In vitro drug release of ETB from the NPs and solution in PBS (**A**) and GSH-containing PBS (**B**).\
**Note:** Data represent mean ± SD (n=3).\
**Abbreviations:** ETB, erlotinib; GSH, glutathione; NPs, nanoparticles.](dddt-11-3519Fig4){#f4-dddt-11-3519}

![In vitro cytotoxicity of NPs evaluated on A549 cells (**A**), NCI-H460 cells (**B**), and HUVEC (**C**) by MTT assay.\
**Notes:** Data represent mean ± SD (n=3). \**p*\<0.05.\
**Abbreviations:** ETB, erlotinib; HUVEC, human umbilical vein endothelial cell; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NPs, nanoparticles; PAA, poly(acrylic acid).](dddt-11-3519Fig5){#f5-dddt-11-3519}

![In vivo tissue distribution of ETB solution (**A**), ETB-NPs (**B**), and PAA-ETB-NPs (**C**).\
**Note:** Data represent mean ± SD (n=8).\
**Abbreviations:** ETB, erlotinib; NPs, nanoparticles; PAA, poly(acrylic acid).](dddt-11-3519Fig6){#f6-dddt-11-3519}

![In vivo tumor inhibition effect evaluated by using a xenograft nude mouse model with human lung cancer cells. Tumor volume (**A**); body weight (**B**); and tumor inhibition rate (**C**).\
**Notes:** Data represent mean ± SD (n=8). \**p*\<0.05, \*\**p*\<0.01, and \*\*\**p*\<0.001.\
**Abbreviations:** ETB, erlotinib; NPs, nanoparticles; PAA, poly(acrylic acid).](dddt-11-3519Fig7){#f7-dddt-11-3519}

###### 

Characterization of NPs

  Characteristics   Mean size (nm)   PDI         Zeta potential (mV)   EE (%)     DL (%)
  ----------------- ---------------- ----------- --------------------- ---------- ---------
  Free NPs          111.8±3.9        0.10±0.02   −21.4±2.9             N/A        N/A
  ETB-NPs           112.1±4.3        0.13±0.02   −22.8±3.1             87.6±3.7   4.3±0.5
  PAA-ETB-NPs       171.6±4.6        0.18±0.03   −32.3±3.4             84.9±4.3   2.6±0.3

**Note:** The data is presented as mean ± SD.

**Abbreviations:** DL, drug loading capacity; EE, encapsulation efficiency; ETB, erlotinib; N/A, not applicable; NPs, nanoparticles; PAA, poly(acrylic acid); PDI, polydispersity index.

###### 

IC~50~ values (μM) of NPs and solution evaluated on A549 cells, NCI-H460 cells, and HUVEC

  Cell line        ETB solution   ETB-NPs    PAA-ETB-NPs
  ---------------- -------------- ---------- -------------
  A549 cells       36.8±2.3       9.5±0.7    3.3±0.3
  NCI-H460 cells   46.5±3.1       17.2±1.1   4.6±0.5
  HUVEC            42.3±2.6       40.2±1.9   41.6±2.7

**Abbreviations:** ETB, erlotinib; HUVEC, human umbilical vein endothelial cell; NPs, nanoparticles; PAA, poly(acrylic acid).
